Microcystins (MCYSTs) are very stable cyclic peptidic toxins produced by cyanobacteria. Their effects on hepatic tissue have been studied extensively, and they are considered to be a potent hepatotoxin. However, several effects of MCYST on other organs have also been described, but generally in studies using higher doses of MCYST. In the present work, we investigated the effect of a single sublethal dose of MCYST-LR (55 mg/kg) in Wistar rats and analyzed different aspects that influenced renal physiology, including toxin accumulation, excretion, histological morphology, biochemical responses and oxidative damage in the kidney. After 24 h of exposure to MCYST-LR, it was possible to observe an increased glomerular filtration rate (6.28 AE 1.56 vs 2.16 AE 0.48 ml/min per cm 2 ) compared with the control group. Increase of interstitial space and collagen deposition corresponded to a fibrotic response to the increased production of reactive oxygen species. The observed decrease of Na þ reabsorption was due to inhibition of the activity of both Na þ pumps in proximal tubules cells. We suggested that this modulation is mediated by the effect of MCYST as a phosphatase protein inhibitor that maintains the sustained kinase-mediated regulatory phosphorylation of the ATPases. The observed alteration of Na þ active transporters lead to damage of renal function, since are involved in regulation of water and solute reabsorption in proximal tubules. The results of this report reinforce the importance of understanding the molecular effects of a single sublethal dose of MCYST-LR, which, in this study, was responsible for macro-alterations found in the renal parenchyma and renal physiology in rats.
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Introduction
Efforts to understand the sublethal toxicological effects of cyanobacteria toxins have become important since human populations are exposed more frequently to low doses of these molecules, rather than lethal doses, through recreation, drinking water or food (Funari and Testai, 2008) . Microcystins (MCYSTs) are the most frequent and globally distributed cyanotoxins found in cyanobacteria blooms (Chorus and Bartram, 1999) . In animals, liver strongly uptakes these cyclic heptapeptides, known specific and irreversible inhibitors of serine/threonine protein phosphatases, mainly PP1 and 2A. In the hepatocytes, a lethal inhibition leads to cytoskeleton disarrangement with consequent disintegration of the hepatic cellular architecture, intrahepatic hemorrhage and, finally, hepatic failure or hypovolemic shock, which normally are the cause of death (Carmichael, 1997) . Sublethal doses can cause lesions that include hepatocellular hypertrophy, intracytoplasmic eosinophilic inclusions and apoptosis (Guzman and Solter, 2002) . However, it is well known that MCYSTs can also affect other organs and tissues (Humpage, 2008; Wang et al., 2008) . Moreover, several studies have confirmed that prolonged exposure to low doses can promote tumors in tissues such as the colon, skin and liver (Falconer and Humpage, 1996; Ito et al., 1997) .
These toxins can enter the cell through a group of organic anion transporting polypeptides (OATP). Members of the multispecific OATP family can be detected in nearly all tissues in humans, rodents and other animals, although they are less expressed in most non-liver cells (Fischer et al., 2005) . They play an important role in the absorption, distribution and excretion of numerous xenobiotic molecules (Hagenbuch and Meier, 2003) . Recently, Fischer et al. (2010) described different affinities between MCYST congeners and specific OATPs. Kidney expresses OATPs and is one of the organs affected after exposure to MCYSTs (Wang et al., 2008) . It also plays a role in excretion of the toxin (Ito et al., 2002) , but the mechanisms of nephrotoxicity are not completely known. Some in vitro studies on kidney epithelial cells showed that higher doses cause similar effects to those observed in hepatocytes, mostly related to cytoskeleton disarrangement (Khan et al., 1995 (Khan et al., , 1996 . Studies on Vero cells showed that a mild MCYST concentration leads to early effects (vacuolization) on endoplasmic reticulum, probably related to an autophagy process as part of a cell response to the aggression (Alverca et al., 2009) . Moreover, those cells under lower concentrations showed increased proliferation, which suggests the potential tumor promotion effect of MCYST on renal cells (Dias et al., 2010) .
In renal tissue, maldevelopment of glomeruli and renal medulla was observed in fetuses from female rats injected intraperitoneally (i.p.) daily with 62 mg/kg body weight (bw) for 10 days (Zhang et al., 2002) . In addition, Nobre et al. (1999 Nobre et al. ( , 2001 Nobre et al. ( , 2003 demonstrated the involvement of an inflammatory process on MCYST-derived nephrotoxicity in perfused rat kidneys.
An increasing number of therapeutic agents has been recognized as nephrotoxic and a wide variety of chemical pollutants, along with environmental chemicals (mycotoxins and botanicals, for example), was already described causing renal toxicity (Goldstein and Schnellmann, 1996) . However, although kidney seems to be an important affected organ, there is not much knowledge on the sublethal injurious effects of MCYST on renal physiology. Hence, this work assesses aspects of renal metabolism, oxidative stress and histopathology of Wistar rats exposed to a sublethal dose of purified MCYST-LR.
Materials and methods

Chemicals
Deionized water through Milli-Q resins (Millipore Corp., Marlborough, MA) was used to prepare all solutions. MCYST-LR standard (purity !95% by high-performance liquid chromatography) was kindly provided by Beacon Analytical Systems Inc. (Portland, ME).
32 P i was obtained from IPEN (São Paulo, Brazil). [gÀ 32 P]ATP was prepared as described by Maia et al. (1983) . Buffers, protease inhibitors and antibodies of Na
-ATPase a 1 -catalytic subunit and b-actin were obtained from Sigma Aldrich (Saint Louis, MO). Secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). All other reagents were of the highest purity available.
Ethical considerations
All experimental procedures involving animals were approved by the Committee for Ethics in Animal Experimentation of the Federal University of Rio de Janeiro, and performed in accordance with the Committee's guidelines (The Guide for Care and Use of Laboratory Animals).
Treatment with a sublethal dose of MCYST-LR
Eight-week-old male Wistar rats (170-210 g) were divided into control (CTRL; n ¼ 8) and MCYST-LR treated (MCYST; n ¼ 8) groups. MCYST group received a single i.p. injection of a sublethal dose of microcystin-LR (55 mg/kg bw) and were killed 24 h later. The choice of this dose was based on the knowledge that most MCYST LD 50 values reported for Wistar rats are above 72 mg/kg bw. The CTRL group received an i.p. injection of the vehicle (sterile deionized water, volume did not exceed 150 ml).
During the experimental procedure the rats were kept in a dark and light cycle (12/12 h) with free access to filtered water and regular rat chow.
Metabolic cages and renal physiological measures
After injection of MCYST-LR and vehicle, the rats were housed in metabolic cages for 24 h. After this time period, all urine and feces produced in the cages were collected. Immediately after that, the body weight was determined and only blood glucose concentration was measured in tail blood using a glucometer (OneTouch Ultra 2). After those procedures, the animals were anesthetized (using ketamine and xylazine solution -75 mg and 10 mg/kg bw, respectively) and laparotomy was performed in animal under deep anesthesia to vena cava blood collection using a 3-ml syringe pretreated with EDTA 0.5M. The collected blood was centrifuged at 5000Âg for 10 min at 4 C for plasma isolation to perform analyses of creatinine, sodium and microcystin. After sacrificing the animals, the kidneys were rapidly dissected for examination of the following macroscopic parameters: size, shape, color and weight.
Both kidneys and the body weight of each animal were obtained to calculate the renal index, defined as the kidney and body weight ratio.
The urinary flow (ml/min) was determined from the ratio of urinary volume (collected in 24 h period in a metabolic cage) per time unit of urine collection. Urine was used to determine the following solutes: creatinine, microcystin, sodium and total protein. The proteinuria was obtained from the protein concentration in urine multiplied by the total urine volume per unit of time (hour).
Plasma and urinary creatinine concentration was determined by a colorimetric method using picric acid (Gold Analisa, Brazil). The results obtained from plasma and 24 h urine was used to calculate creatinine clearance using the following equation: (Urinary Flow X Urinary Creatinine Concentration)/Plasma Creatinine Concentration ¼ ml/min. The glomerular filtration rate (GFR) was determined using creatinine clearance normalized by corporal surface area (ml/min per cm 2 ).
The concentrations of sodium and microcystins were determined in plasma and 24 h urine using commercial kits following the manufacturer's instructions (Gold Analisa and Doles, Brazil and Beacon Analytical Systems, USA). The results obtained from plasma and urine were used to calculate the clearance of sodium and microcystin using the following equation: (Urinary Flow X Urinary Solute Concentration)/Plasma Solute Concentration ¼ ml/min. The equation to determine the fractional excretion of microcystin (FE MCYST in %) was (Microcystin Clearance/Creatinine Clearance) Â 100.
Distribution of MCYST, oxidative stress and MCYST detoxification
Right medulla kidney samples were homogenized in ice-chilled phosphate buffered saline buffer in a 1.5-ml centrifuge tube. The homogenates were centrifuged, and the supernatants were immediately frozen in liquid nitrogen and stored at À20 C for biochemical analyses. Total protein content in the samples was determined using the Bradford method (Bradford, 1976) .
Enzyme-linked immunosorbent assay (ELISA)
Concentration of free MCYST in the renal tissue homogenates, serum, feces and urine was determined by ELISA using commercial kits (Beacon Analytical Systems, Portland, ME-USA) following the manufacturer's instructions after sample dilution when necessary.
Malondialdehyde (MDA) determination
The quantification of thiobarbituric acid reactive substances (TBARS) was used to evaluate lipid peroxidation in the renal tissues. The method detects MDA during an acid-heating reaction as previously described by Draper and Hadley (1990) . Briefly, the samples were mixed with 1 ml of 10% trichloroacetic acid and 1 ml of 0.67% thiobarbituric acid; subsequently, the samples were heated in a boiling water bath for 30 min. TBARS were determined by absorbance at 532 nm and expressed as MDA equivalents (nM/mg protein) calculated from a standard curve produced with MDA standard dilutions.
Catalase (CAT) and glutathione S-transferase (GST) enzyme activities
CAT activity was measured by the decrease in the rate of hydrogen peroxide added to the homogenates. This substrate concentration was determined by absorbance at 240 nm (Aebi, 1984) . GST activity was measured by the formation kinetic of glutathione (GS)-dinitrobenzene (DNB) conjugate after the reaction of 1-chloro-2,4-dinitrobenzene (CDNB) with GSH. The absorbance of GS-DNB was determined at 340 nm (Habig et al., 1974) .
Determination of reduced glutathione (GSH) and glutathione disulfide (GSSG)
The assay was based on the reaction of GSH with 5,5-dithiobis (2-nitrobenzoic acid) (DTNB), which produces the 2-nitro-5-thiobenzoate (TNB) chromophore. The rate of formation of TNB, determined by the absorbance at 412 nm, is proportional to the concentration of GSH in the sample. To determine GSSG, the samples were treated with 2-vinylpyridine, which covalently reacts with GSH (but not GSSG). The excess 2-vinylpyridine was neutralized with triethanolamine. The assay initiates with recycling of GSSG by GSSG reductase to new GSH, which is then determined by the method described above. The concentrations in the renal homogenates were determined from standard curves produced with GSH or GSSG standard dilutions. The final results are presented as nanomoles of GSH or GSSG/milligram of protein and the GSH/GSSG ratio (Rahman et al., 2006) .
Estimation of nitric oxide production
Nitric oxide production analyses were done indirectly by the Griess reaction method, which detects nitrite, the NO degradation product (Green et al., 1982) . Briefly, the homogenate samples mentioned above were reacted with 1% sulfanilamide for 10 min following reaction with nafitiletilenodiamine. The resultant product was determined by absorbance at 540 nm in a spectrophotometer.
Kidney histological analysis
The left kidneys of both groups were used for the histological analyses performed by fixation in 10% formaldehyde and dehydrated in increasing aqueous solutions of ethanol (50%, 70%, 80%, 90%, 95% and 100%) for 30 min each. After dehydration, the samples were embedded in paraffin and sectioned (4 and 7 mm) in a microtome (model MRP-03, Lupe Indústria e Comércio Ltda.) These sections were fixed on slides and all tissues were stained with hematoxylin and eosin (H/E) for structural assessment of the tissue, Picrosirius Red to measure the surface density of collagen and periodic acid-Schiff (PAS) to allow visualization of the basement membrane. The sections were mounted on coverslips using Entellan Ò mounting medium. The fields were photographed randomly. Quantification was obtained using Image-Pro Plus (Media Cybernetics). The percentage of intense red color with the picrosirius red staining was given by comparing it to total renal tissue in the photograph (100%). The percentage of interstitial space was obtained by measuring the spaces in relation to the total area photographed.
Preparation of the membrane-enriched fraction from proximal tubule
Right kidneys were used to obtain membrane-enriched fractions to measure the activities of sodium pumps and protein kinases, and for protein identification. Membrane fractions of kidneys from control rats and rats exposed to MCYST-LR were prepared from the outer cortex (cortex corticis), a region of the kidney in which more than 90% of the cell population corresponds to proximal tubules (Whittembury and Proverbio, 1970; Proverbio and Del Castillo, 1981) . The external portion of the cortex was carefully removed with a Stadie Riggs microtome and carefully dissected with small scissors to eliminate contamination. The fragments were homogenized in a Teflon and glass homogenizer using 4 ml of solution (250 mM sucrose, 10 mM Hepes-Tris (pH 7.6), 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride and 0.15 mg/ml of soybean trypsin inhibitor) per gram of kidney slices in an ice bath. The homogenate was centrifuged at 755Âg for 10 min at 4 C. The supernatant was collected and stored at À20 C or in liquid nitrogen. Protein content was determined by the Folin phenol method (Lowry et al., 1951) .
Measurement of ATPase activities
Activities of Na þ ,K þ -ATPase and ouabain-insensitive Na þ -ATPase were measured by the P i formed during ATP hydrolysis. In Na þ ,K þ -ATPase assays, membranes (0.05 mg/ml final concentration) were preincubated at 37 C for 10 min with or without 2 mM ouabain, the specific inhibitor of Na þ ,K þ -ATPase. Then 50 mM Bis-Tris-propane (pH 7.4), 0.2 mM EDTA, 5 mM MgCl 2 , 2 mM ouabain, 5 mM ATP, 120 mM NaCl and 24 mM KCl were added to the assay mixtures. The hydrolysis reaction was started by adding the membranes (preincubated in the absence or presence of ouabain) and stopped after 10 min by adding 2 vols of 0.1 M HCl-activated charcoal. The amount of P i released from an aliquot of 0.2 ml of the supernatant obtained after centrifugation of the charcoal suspension at 1500Âg for 5 min was determined by the colorimetric method of Taussky and Shorr (1953) . The specific Na þ ,K þ -ATPase activity was calculated as the difference between the P i released in the absence and presence of ouabain.
In the ouabain-insensitive Na þ -ATPase assays, the membranes (0.2 mg/ml final concentration) were preincubated with 2 mM ouabain in the presence of 20 mM Hepes-Tris (pH 7.0), 10 mM MgCl 2 , 120 mM NaCl and 2 mM furosemide, an inhibitor of ouabain-insensitive Na þ -ATPase. The hydrolysis reaction was carried out as described above. The reaction was stopped after 10 min by adding 2 vols of 0.1 M HCl-activated charcoal. The Na þ -ATPase activity was calculated from the difference between the P i released in the absence and presence of 2 mM furosemide. tected in the membrane fractions obtained as described above, using a goat polyclonal antibody against the Na þ ,K þ -ATPase a 1 -catalytic subunit (1:1000) and anti-goat secondary antibody (1:5000). Identification of different protein kinases (PKA and PKC) was also performed. Proteins of membrane fractions were separated in a 10% SDS-PAGE gel and transferred to nitrocellulose membranes. Blocking was obtained using 5% non-fat milk in Tris-buffered saline (TBS, pH 7.6) for 1 h. Then the membranes were probed with the corresponding primary antibodies for 1 h at room temperature under stirring. After 3 Â 5 min TBS-T washing, membranes were incubated for 1 h with secondary antibody, washed again and visualized with ECLÔ. The gels were also probed with b-actin antibody as a loading control of total protein. Quantification was obtained using Scion Image software.
SDS-PAGE and Western blotting for Na
Statistical analysis
The data are presented as mean AE SD. Differences between groups were analyzed using an unpaired Student's t test. The differences were considered significant at p < 0.05. Table 1 describes the major alterations observed in the main renal physiological parameters, where for instance the increased water intake suggests a relation with higher fluid loss due to increased urinary flow (as a possible consequence of reduction of Na þ reabsorption, as discussed below). Increased GFR was also observed, as previously described by Nobre et al. (1999 Nobre et al. ( , 2003 . The intense proteinuria that accompanies the increase in GFR and increased Na þ clearance (Table 1) indicates important damage to the filtration barrier that could be involved in the impairment of renal function in the MCYST group. Moreover, kidneys from rats exposed to MCYST also presented alterations in renal tubular morphology, adding to the molecular alterations in proximal tubules, as discussed in Sections 3.2 and 3.4. The renal index (kidney mass/body mass) of the MCYST group was increased when compared with the CTRL group ( Table 1 ). This result, accompanied by the increase in GFR in the MCYST group, could indicate an accumulation of fluid in the organ with changes in renal function. The collagen deposition (Fig. 1C and D) could also have contributed to the increased renal index. The changes in physiological parameters indicate an early decrease in renal function after exposure of one single sublethal dose of MCYST-LR, shown by the increase in different processes such as glomerular filtration rate, sodium excretion, proteinuria and renal index, adding to the structural alterations in renal tissue and biochemical modifications, as discussed below.
Results and discussion
Physiological parameters
Structural analysis of renal tubules
Analyses of H/E staining do not provide any significant differences between the histology of the kidneys from the CTRL group and the rats exposed to MCYST-LR. However, other structural modifications were observed. Using PAS staining, histological analyses from kidney exposed to MCYST-LR showed a significant increase in interstitial space, compared with the CTRL group ( Fig. 1A and B) . Corresponding quantification of the interstitial space is shown on the right panel of Fig. 1 . Tubular limits are better visualized using PAS staining, because the periodic acid oxidizes the glucose residues to produce aldehydes, which react with Schiff reagent giving rise to a purple-magenta color in the area of the basement membrane. The contrast between the color of the basement membrane and the background image facilitated the quantification of the interstitial space. This result suggests that the presence of MCYST in renal tissue causes an interstitial infiltrate, probably containing plasma electrolytes, glucose and amino acids, characterized as interstitial edema and/or formation of fibrosis. The edema could contribute to the increased renal index (Table 1) . To investigate whether exposure to MCYST could also stimulate renal fibrosis, collagen formation was evaluated by observing the surface density of the intense red coloration achieved with the use of Sirius Red. This stain identifies collagen type IV in basal membrane. Only one single dose of MCYST-LR leads to an increase in collagen deposition in the interstitial space, compared with the CTRL group, in both cortex (Fig. 1C and D) and medulla ( Fig. 1E and F) regions of the kidney. Quantification of collagen staining in the interstitial space is shown in the lower right panel of Fig. 1 . This increased collagen deposition strongly suggests the initial step of renal fibrosis in MCYST-LR exposed rats. 3.3. Distribution, oxidative stress and detoxification of MCYST Since a mammalian kidney is a highly vascular organ (it receives about 20-25 percent of the resting cardiac output), any xenobiotic in the systemic circulation can reach this organ in relative high amounts (Goldstein and Schnellmann, 1996) . Moreover, the urine formation process could be acting to concentrate MCYST in the tubular fluid. In this sublethal dose experiment the analyses of free MCYST in tissues and samples of excreta showed the presence of the toxin (mean AE SD) in liver (data not shown), kidney (113.5 AE 21.3 ng/g), serum (0.46 AE 0.20 ng/ml), urine (2348 AE 354 ng -total amount) and feces (663 AE 331 ng -total amount). Despite the fact that the ELISA method only detects the non-protein conjugated amount of toxin (a minor percentage of the total), the data show that MCYST was circulating in the organism and was partially eliminated through feces and urine in a period of 24 h. It was also observed that MCYST and/or its GSH conjugates (MCYST-GSH, MCYST-Cys; also detectable by ELISA antibodies; Metcalf et al., 2000) were detected in the urine at a concentration that indicates a process of secretion, since FEMCYST is about 138% (see Table 1 ). This secretion of the toxin probably occurs along the renal tubules and confirms the active role of kidney in the elimination of MCYST from the organism. Ito et al. (2002) have already detected the toxin in this organ, and not only MCYST itself, but also its conjugates. These ones result from the main route of MCYST detoxication which is through the activity of GST. That conjugation makes the toxin more hydrophilic and less toxic (Wiegand et al., 2002; Gehringer et al., 2004) . However, despite being less toxic, these conjugates can still induce damage in renal tissue (Kondo et al., 1992) . The generation of reactive oxygen species (ROS) in the MCYST group is shown by increased formation of MDA, a known lipid peroxidation indicator ( Fig. 2A ) and also by a significant decrease in catalase enzyme activity (Fig. 2B) . The observed oxidative damage verified by the lipid peroxidation process indicates a higher production of ROS by renal cells exposed to MCYST. An excessive amount of ROS could reduce some antioxidant enzyme activities. If superoxide dismutase is affected, the consequent excess of superoxide anion radical can inhibit catalase activity (Kono and Fridovich, 1982) , consistent with the reduced catalase activity observed after MCYST-LR exposure. Moreover, according to Ding et al. (2000) , MCYST-LR induces damage to mitochondria by altering its membrane potential and permeability transition (MPT). The toxin may disrupt the mitochondrial electron transport chain, followed by ROS production and then change in MPT.
This presence of ROS in renal tissue could also contribute to the formation of collagen in the interstitial space observed in cortex and medulla regions ( Fig. 1D and  F) . In a recent study, using a skeletal muscle cell model, Cabello-Verrugio et al. (2011) reported that the production of ROS is required to induce a fibrotic response triggered by angiotensin II, an important renal hormone. Here, the deposition of collagen indicates the early occurrence of renal fibrosis only 24 h after exposure to a unique sublethal dose of MCYST-LR. These results demonstrate important alterations in structure and renal function, which could be more severe after chronic exposure (Kim et al., 2009; Milutinovi c et al., 2003) .
Besides oxidative damage, the greater amount of nitric oxide, indicated by increased nitrite concentration (Fig. 2C) , suggests an inflammatory process in the kidney. Nobre et al. (1999 Nobre et al. ( , 2001 Nobre et al. ( , 2003 showed that inflammatory mediators are very important factors in the nephrotoxicity generated by MCYST in perfused rats. They observed that glucocorticoids were able to reverse the renal damage caused by the toxin. Specific histological analyses to observe leukocytes in renal tissue were not performed here, however, if defense cells were present, they could also contribute to some ROS production.
We have investigated GST activity in both groups of rats and no effect of MCYST was observed (Fig. 2D) . However, the reduction in the kidney GSH/GSSG ratio in the MCYST group, based on changes to both parameters (lower concentration of reduced GS and higher concentration of the oxidized form), indicated a higher consumption of this tripeptide (Fig. 2E) . The reduction of the GSH kidney pool with no direct effect on GST activity could be related to a high constitutive expression of GST (Meister and Anderson, 1983) , which could mean that the given stimulus of MCYST was not enough to trigger an increase in enzyme activity. Bladeren (2000) demonstrated that GSH is also required in the elimination process of ROS; therefore, the presence of MCYST makes cells more susceptible to oxidative stress. It cannot be ignored that reduction of the GSH pool in the kidney could be also attributed to conjugation of the tripeptide with MCYST through a nonenzymatic pathway (Meister and Anderson, 1983) . Castillo et al., 1982) . To investigate whether the differences obtained in electrolyte clearance and increased urinary flow were correlated to a decreased Na þ reabsorption, we have analyzed the Na þ ,K þ -ATPase expression and ATPase activity from both sodium pumps. We have identified the a-catalytic subunit of Na þ ,K þ -ATPase in those membrane fractions, but no difference was observed in the expression of this protein for the CTRL group and the group exposed to MCYST-LR (data not shown). However, the specific activity of both Na þ pumps was inhibited in rats exposed to MCYST-LR (Fig. 3) , indicating that the action of MCYST in renal tissue involves modulation of Na þ active transport, mediated by Na þ ,K kinases in Na þ pumps has been studied extensively (Cabral et al., 2010; Ramia and Kreydiyyeh, 2010) . The question arises whether there is modulation of Na þ pump activity by kinase-mediated regulatory phosphorylation. To investigate this question, the identification of PKA and PKC, known modulators of renal Na þ ATPases, was performed as well the kinase activity. Unexpectedly both kinase activity and expression of PKA and PKC proteins were unaltered in rats exposed to MCYST-LR compared with the CTRL group (data not shown). This result could be explained by the known role of MCYST as a protein phosphatase inhibitor (MacKintosh et al., 1990; Runnegar et al., 1995) . These results suggest that the ATPases from MCYST-LR exposed rats have a higher regulatory phosphorylation status, due to a sustained kinase-mediated phosphorylation caused by inhibition of phosphatases. Since Na þ handling is a key factor in blood pressure control, the decrease in Na þ reabsorption and the increase in Na þ clearance (Table 1) could be related to the decreased arterial pressure observed by Theiss et al. (1988) . The equilibrium of phosphatases and kinases plays an essential role in cellular metabolism and any modification to maintain Na þ cellular homeostasis could be responsible for renal cellular injury and malfunction of the kidney.
Identification of enzymes and inhibition of renal Na
þ handling Na þ ,K þ -ATPase
Conclusions
In the present work we have demonstrated that a sublethal dose of MCYST-LR is capable of altering the structure and function of the kidney in Wistar rats within 24 h of exposure to MCYST-LR. These alterations involve different parameters, such as increased formation of ROS, expansion of the interstitial space probably filled with collagen deposition in both the cortex and medulla of the kidney. These modifications have a relevant role in the function of the organ, which was observed by the increased GFR and imbalance of Na þ handling, caused by the inhibition of both Na þ pumps. This inhibition is a result of a sustained kinase-mediated regulatory phosphorylation status of the ATPases, caused by the well-described role of MCYST as a phosphatase inhibitor. These findings confirm the importance of understanding the mechanisms of MCYST at lower doses, which could be more severe with chronic exposure.
Funding source
This study received financial support from: The Brazilian Council for Scientific and Technological Development (CNPq),
